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Introduction 54
The Composite flour Program of FAO established in 1964 (Kent, 1985) financed 55 research in tropical countries to substitute wheat flour with cassava flour. Consumer 56 acceptability decreased in mixtures with > 30% cassava flour, due to noticeable 57 color, texture, and flavor differences (FAO, 2004) . In South America a traditional 58 alternative to flour is the fermentation of cassava starch combined with sun-drying, 59
which has excellent breadmaking capacity (Cereda, 1973 Griffon, 1996, in Colombia). These authors described the process to obtain 62 fermented or sour starch ("Polvilho azedo" in Brazil or "Almidón agrio" in Colombia) . 63
In this process, the main steps are starch extraction, natural fermentation for about 64 30 days and final sun-drying for 12 hours. The sour starch is used locally for bread 65 and pastry production. There are also opportunities to use sour cassava starch as 66 adjuvant for breadmaking or as the main ingredient for gluten-free breads. It is 67 important, therefore, to understand better the mechanisms giving breadmaking ability 68 of sour cassava starch. Zakhia & Brabet, 1996) . 73
Most studies focused on the effects of fermentation and sun-drying on the 74 physicochemical properties and baking behaviour such as pH, solubility, specific 75 volume, polymerization degree through intrinsic viscosity measurements (Marcon et water, then slowly adding 31.25 g of boiling water while stirring with a spoon. The 154 native starch mix and pregelatinized starch were blended homogeneously with 100 155 mL of cold water. From the resulting dough, 12 rings of 33 g were shaped, each with 156 a perimeter of 18 cm and 2 cm thick. The doughs were baked in an oven at 260 °C 157 for 13 min, and then cooled for 20 min under ambient conditions. The weights and 158 volumes of the breads were measured with a scale and a pycnometer using 159 cauliflower seeds, and averages of the 12 replications (1 replication = 1 ring) were 160 calculated. Breadmaking ability (or bread expansion) was characterized as the ratio: 161 bread volume/bread weight (mL/g). 162 163
Gelatinization temperature and amylose content 164
The methodology reported by Mestres and Rouau (1997) 
was used. DSC analyses 165
were performed on a Perkin-Elmer DSC 7 device (Perkin-Elmer, Norwalk, VA) using 166 sealed stainless-steel pans. The sample pan (10 -11 mg of starch and 50 µL of lyso-167 phospholipid (SIGMA, 2% w/v in water) and the reference pan (empty) were heated 168 from 25 to 160°C at 10°C.min -1 , held at 160°C for 2 min, and then cooled to 60°C at 169 10°C.min -1 . The temperatures of gelatinization (T o , T p and T c ) and enthalpies (∆H) of 170 each sample were determined on the thermograms. The gelatinization temperature 171 range (∆T) was calculated as (T c -T o ) as described by Cavallini and Franco (2010 continuous stirring first at 960 rpm for 10 seconds and then at 160 rpm throughout 196 the rest of the experiment. Eight parameters were measured on the visco-197 amylogram: pasting temperature and pasting time (PT and Pt), peak viscosity 1 (PV1: 198 first viscosity peak after beginning of pasting), peak viscosity 2 (PV2: second 199 viscosity peak after beginning of pasting), time of peak viscosity 1 and 2 (tPV1 and 200 tPV2, respectively), lowest hot paste viscosity or holding strength (HS), final viscosity 201 (FV). Five additional parameters were then calculated: cooking ability (CA) estimated 202 M a n u s c r i p t were stirred for 20 hours (± 10 min) on a roller mixer in a temperature-controlled 211 room at 22°C (± 0.5°C). The resulting solution was centrifuged at 10000 rpm for 5 212 min. 2 mL were removed and diluted in 28 mL of distilled water to reduce KOH 213 concentration to 0.33 mol/L and starch concentration to 2 mg/mL. This solution was 214 filtered through a syringe filter (pore size 0.45 µm). 10 mL of the filtered solution were 215 collected to carry out a serial dilution with distilled water and to determine the 216 following concentrations: 2.0, 1.7, 1.4, 1.1, 0.8 mg starch/mL. 217
218
The intrinsic viscosity was measured for each diluted solution using an Ubbelohde 219 viscometer (U-tube, size 2 mL, Shott Gerate Gmbh, Hofheim, Germany) immersed in 220 a water bath at 35°C.. The analyses were performed with a replication. For each 221 dilution, the flow time was recorded three times, after an initial 10 min period for 222 temperature equilibration. Preliminary replication tests showed that flow times did not 223 vary significantly between replications. The intrinsic viscosity (mL/g) was determined 224 by extrapolation to zero concentration of the reduced and inherent viscosities 225 (Harding, 1997) . 226 M a n u s c r i p t 11
Statistical analysis 228
Statistically significant differences between samples means were determined using 229 analysis of variance (ANOVA) followed by a Fisher's test at 95% confidence level. and inhibited swelling as reported by Tester and Morrison (1992) , in contrast to other 250 studies using recipes without added lipids. 251 M a n u s c r i p t a-c Different letter, within row, indicate significant differences at p < 0.05 (Fisher). Standard deviations are given within brackets.
1-2 Different numbers, within column, indicate significant differences at p < 0.05 (Fisher). Standard deviations are given within brackets.
253
Highland genotypes displayed higher significant average values of loaf expansion 254 than lowland's, regardless of the treatments. NO, FO, NS and FS treatments of 255 highland genotypes were 16.8, 18.9, 30.2 and 19.1% significantly higher than those 256 of lowland's, respectively. In lowland genotypes only FS improved breadmaking 257 (214% significantly higher than NO). In highland genotypes both NS and FS 258 improved breadmaking (40 and 223% significantly higher than NO, respectively). InM a n u s c r i p t 13 this work, the fermentation process (FO) alone did not improve the breadmaking 260 ability, in agreement with a previous study by Demiate et al. (2000) and in 261 contradiction with a study by Bertolini et al. (2000) , who found a significant 262 improvement in breadmaking after treatment by lactic acid mimicking the 263 fermentation process. In conclusion, highland genotypes appeared more sensitive to 264 sun drying (NS and FS) than lowland ones, and the latter were sensitive to the UV-265 irradiation only after fermentation. SM1498-4a, CM7138-7 and SM1058-13 ranging from 5.29 mL/g to 6.59 mL/g and 275 the lower breadmaking ability consisting of 5 genotypes: HMC-1, CM6438-14, 276 CM7436-7; CM7438-14 and CM7591-5 ranging from 3.05mL/g to 4.47mL/g. Altitude 277
was not a definite factor for predicting breadmaking ability, with one lowland 278 genotype having good breadmaking ability (CM4574-7) and one highland genotype 279 having poor breadmaking ability (SM7591-5). Hence both genetic and environmental 280 factors appeared important in the control of breadmaking ability, in addition to the 281 drying and fermentation processes. Other factors, such as the bread recipe 282 containing lipids, may also contribute explain the observed differences in 283 breadmaking ability among samples. 284 M a n u s c r i p t 14 285
Thermal properties 286
In this study, only non-fermented, oven-dried samples (NO) were investigated, 287 because a preliminary study with a limited set of samples indicated that DSC 288 
316
As seen in Table 2 , a high variability of DSC parameters was observed, indicating a 317 pronounced genotype effect. A Fisher test (Tab. 2) and a cluster analysis (Fig. 1)  318 confirmed that lowland and highland genotypes can be segregated into two separate 319 groups based on DSC data, in particular gelatinization temperature. 320
321
Figure 1 also shows that the best five breadmaking genotypes (CM7138-7, Cumbre 322 3, SM707-17, SM1495-5, Tambo 4) were clustered in two neighboring groups. 323
Hence, information on breadmaking ability might be contained within DSC 324 parameters, although more data would be needed to establish a more conclusive 325 correlation.
A c c e p t e d
M a n u s c r i p t 17 327
Amylose Content 328
The amylose contents of NO samples are presented in Table 3 14, CM7436-7, CM7438-14, SM1498-4a, CM7138-7, SM7591-5 and SM1058-13) 347 ranging from 17.6 to 20.1% and (iii) a high amylose group with 2 genotypes (HMC-1 348 and CM4574-7) at 21.6 and 21.7%. The four genotypes in the low amylose group 349 matched those in the high breadmaking ability group. Hence, lower amylose contents 350 appeared to improve breadmaking ability, which may be related to the formation ofA c c e p t e d M a n u s c r i p t less amylose-lipid complexes in low-amylose starches (Tester & Morrison, 1992) . A 352 weak negative correlation of R 2 = 0.46 was observed between the breadmaking 353 ability of fermented, sun-dried starches (FS, both lowland and highland) and the 354 amylose content (measured on non-fermented, oven-dried starches, NO) (Fig. 2) . FS treatments decreased granule size by 4.6, 9.1 and 8.9 % respectively compared 382 to NO, whereas, in highland genotypes, these treatments had no influence on the 383 granular size. To explain this, it is hypothesized that different granular structures in 384 lowland and highland genotypes resulted in varied levels of sensitivity to treatments. 385
In lowland genotypes, NS, FO and FS treatments only shaved off the outer layers of 386 the granules, leading to smaller granules with mostly intact cores. In contrast, in 387 highland genotypes, granules were attacked more homogeneously throughout their 388 structure during fermentation, resulting in weakened granules but with a non-389 significant reduction in granule average diameter. The RVA and intrinsic viscosities 390 results tended to support this hypothesis, as discussed below. 391 392
Pasting behavior 393
The general shape of NO curves (Fig. 3) peaks whereas in our work both lowland and highland genotypes had two peaks. In 397 general, the first peak (PV1) was lower than the second (PV2) except for 3 genotypes 398 for which PV1 was either higher than or similar to PV2 (CM7138-7, Cumbre 3 and 399 Tambo 4). The difference between PV1 and PV2 decreased with treatments: on NSM a n u s c r i p t 21 curves, PV1 remained lower than PV2 except in two samples (CM7436-7 and 401 SM1495-5), for which PV1 was similar to PV2. On FO curves, PV1 and PV2 were of 402 similar magnitude in five genotypes (HMC-1, CM4574-7, CM7436-7, SM1495-5 and 403 SM707-17), and PV1 disappeared altogether in the case of two other genotypes 404 (CM7138-7 and Tambo 4). On FS curves only one viscosity peak remained in every 405
genotype. This peak was arbitrarily referred to as PV2, and may be described as the 406 result of the merger of the two peaks observed in other treatments, because the new 407 peak time was in-between the peak times of PV1 and PV2 in other treatments (Fig.  408 3.). As in other study (Dufour et al. 1995 
418
Considering the other pasting parameters of the 13 genotypes, the pasting 419 
457
With the aim of confirming our findings, a principal component analysis (PCA) was 458 performed, using five selected RVA parameters (PT, PV2, CA, BD and FV), granular 459 size and the bread loaf expansion values for the 13 samples (Fig. 4) . The 460 representation of the scores plot (Fig. 4a ) allowed to confirm a stronger effect of 461 fermentation over sun-drying on sour starch properties, with non-fermented samples 462 (NO and NS) appearing mixed within one group, whereas fermented samples (FO 463 and FS) samples were segregated along the first principal component (PC1). 464
Nevertheless the synergy between fermentation and sun-drying was also confirmed, 465 with FS samples markedly distributed along the second principal component (PC2), 
506
In addition, an important genotype effect on intrinsic viscosity was observed 507 regardless of the treatments (Table 6 ). Cluster analyses (not shown) confirmed that 508 low, medium and high viscosity groups of cassava genotypes could be identified 509 within each treatment (NO, NS, FO, FS). However, no correlation was found between 510 breadmaking ability and intrinsic viscosity data. 
Conclusion 516
The influence of genotypes, altitude of cultivation and post-harvest treatments 517 (fermentation and sun-drying) on the breadmaking ability of 13 cassava starches 518 from Colombia was analyzed. Post-harvest treatments were prevailing factors in 519 improving breadmaking ability, while the genotype factor had a smaller influence. 520
Among post-harvest treatments, fermentation had a more pronounced effect than 521 sun-drying, in particular on starch granule structure as evidenced by granule size 522 analysis and RVA parameters such as PV1 and PV2. The combination of both 523 treatments was nevertheless necessary to obtain the highest dough expansion. properties. However, differences in sensitivity to the fermentation treatment for 541 lowland and highland genotypes were apparent, in particular, through particle size, 542 RVA and intrinsic viscosity analyses. These observations led to the idea that to 543 understand the phenomena underpinning sour cassava starch breadmaking ability, it 544 is important to make a distinction between molecular and supra-molecular levels. 545
546
Firstly at molecular level, fermentation and sun-drying caused depolymerization for all 547 genotypes, which helped increase loaf volume due to the reduced viscosity of the 548 dough during expansion, as predicted by the model of bubble expansion proposed by 549
Fan, Mitchell and Blanshard (1999). Different models (Hailemariam, Okos and 550
Campanella, 2007) predict that other phenomena can also have significant effects on 551 loaf expansion at different stages of baking, including mass transfers, such as 552 migration of CO2 or water from the surrounding matrix to the expanding bubbles, 553 inertia and surface tension. Hence further work could focus on determining which of 554 these phenomena are dominant for the expansion of sour cassava dough. 555 556 Secondly, at supra-molecular level, our results point to the hypothesis that 557 depolymerization was different for lowland and highland genotypes: Lowland 558 genotypes were attacked mainly on the surface, resulting in smaller but mainly intact 559 granules containing high molecular weight starch; whereas highland genotypes 560 underwent depolymerization throughout the granules, which was key to enhance 561 breadmaking, due to the reduced molecular weight of starch, and possibly a more 562 extensive granule collapse during gelatinization and better film formation around the 563 bubbles of steam driving dough expansion. M a n u s c r i p t M a n u s c r i p t M a n u s c r i p t
